A novel label-free biosensor concept based on surface plasmon-enhanced diffraction by micropatterned interfaces was applied to the study of hybridization reactions of target DNA oligonucleotides (15mers and 75mers) from solution to probe DNA oligonucleotides attached via streptavidin to the sensor surface. The self-referencing and quadratic signal ampli®cation mechanism of the sensor allowed highly sensitive detection of the hybridization process. Association and dissociation processes of DNA targets could be recorded in real time and used for the quanti®cation of their binding af®nities, which differ considerably with a single base pair mismatch. An equilibrium titration approach was also applied in order to obtain the binding af®nities for 15mer targets, yielding similar af®nity values. The hybridization ef®ciencies were found to be higher for the 15mers than for the 75mers, although the latter contained the same recognition sequences. The hybridization ef®ciency was shown to depend on the probe density and reached nearly 100% for the 15mer fully complementary targets at a probe density of~1.2 Q 10 12 molecules/cm 2 . Using the assay as an end-point determination method, the lowest detectable coverage of a 15mer oligonucleotide was at least~1.1 Q 10 11 molecules/cm 2 . The diffraction sensing concept offers a completely novel way to integrate a reference channel in large-scale, label-free screening applications, to improve the stability and to enhance the sensitivity of microarray read-out systems.
INTRODUCTION
The detection and analysis of genetic material has drawn unprecedented research efforts during the past decades due to the increasing interest arising from both application and fundamental research concerns. Many methods for the labelfree detection of DNA binding through base pairing have been reported based on optical (1±5), electrochemical (6) , piezoelectric (7) and nanomechanical (8) techniques. The basis of operation for a DNA sensor is coupling between a speci®c base sequence within a DNA target analyte and the complementary oligonucleotide sequence immobilized on the solid surface of a transducer substrate. This DNA hybridization can be detected as a physical signal and can be monitored in situ and in real-time.
Due to the small size (mass) of a typical oligonucleotide, its binding to the surface is usually not suf®cient to generate a signi®cant optical contrast. Hence, it is experimentally a major challenge for label-free optical sensors to conduct a thorough investigation of this interaction. A few commercial optical biosensors have realized label-free DNA sensing with the aid of 3-dimensional surface matrices used to enhance the DNA surface coverage (1, 5) . Only a few reports (3, 4) were based on planar functional surfaces and additional signal ampli®cations were often required for successful investigations (9, 10) .
Recently, we introduced a novel biosensor, a surface plasmon diffraction sensor (SPDS), based on surface plasmon-enhanced diffraction phenomena at periodic spatial structures (11, 12) as a highly sensitive and robust sensing technique. The surface grating structure can diffract the incident light by superimposing discrete momenta m´g (with |g| = 2p/L being the magnitude of the grating vector and m being the order of diffraction) generated by the grating constant L (cf. Fig. 1A ). The high optical intensity of the surface plasmon ®eld greatly enhances the diffraction ef®-ciency of the incident light and allows a very sensitive probing of surface heterogeneities. Modulation of the grating amplitude upon a biological interaction event induces a quadratically ampli®ed change in the diffraction intensity (11) . The temperature¯uctuations and other bulk effects are automatically compensated during the sensing process, due to the inherently`self-referencing' property of SPDS (12) . Therefore, we consider SPDS to be an attractive candidate for detecting and characterizing oligonucleotide hybridization processes.
In order to have a highly functional surface and to obtain correct kinetic and thermodynamic parameters of oligonucleotide interactions, it is of vital importance to carefully engineer the functional surface matrices, in addition to instrumental development of the optical DNA sensors. A major aim is to overcome hybridization barriers from, for example, steric hindrance and/or electrostatic repulsion. One successful example, a planar functional layer fabricated by the attachment of thiolated DNA oligonucleotides to the sensor surface via gold±thiol bonds has been shown by SPR (3) and neutron re¯ectivity (13) studies to be nearly 100% functional. We here employ another type of functional matrix based on a well-developed biotin±streptavidin supramolecular architecture that has already been used extensively in DNA hybridization studies by surface plasmon¯uorescence spectroscopy (SPFS) (14, 15) . The streptavidin monolayer is formed on a mixed self-assembled monolayer (SAM) exposing 5±10% biotin functionalities. The remaining biotinbinding pockets (~1±2) in the surface-attached streptavidin allow for subsequent attachment of biotinylated DNA probes, with the size of the streptavidin providing a natural limitation of the probe surface density for the next interaction step, target hybridization. This functional multilayer system has been working quite ef®ciently for SPFS characterization with extraordinarily high sensitivity and a number of different modes of operation. However, due to the distance-dependent uorescence yield in SPFS and the lack of label-free information on oligonucleotide binding, many details of the hybridization process, e.g. hybridization ef®ciency, remain unknown.
In this paper, we examine the interactions of four different oligonucleotide DNA targets of different length and base sequence with surface-tethered probe DNA oligonucleotides by SPDS. The measured rate constants are used to calculate af®nity constants, which are then compared with values obtained from equilibrium titration experiments. Meanwhile, we provide a preliminary assessment of the detection limit of SPDS, based on the titration experiments. Finally, we address the question of hybridization ef®ciency (HE) as a function of the probe DNA coverage.
MATERIALS AND METHODS

Materials
Biotin thiol and spacer thiol were synthesized and kindly provided by Roche Diagnostics. Their molecular structures are shown in Table 1 . The biotinylated DNA probe and DNA targets (T15-0, T15-1, T15-2, T75-0 and T75-1) were purchased from MWG-Biotech, and are also listed in Table 1 . The 75mer targets (T75-0 and T75-1) consist of the same recognition sequences as the 15mer targets (T15-0 and T15-1), however, they have two 30mer poly(T)¯anks. T15-0 and T75-0 are fully complementary to the DNA probe, i.e. they de®ne a zero mismatch (MM0) situation, while a one base mismatch (MM1) was designed in the sequences of T15-1 and T75-1, respectively. A two base mismatch (MM2) was designed for the T15-2 target. Streptavidin (SA) was also kindly provided by Roche Diagnostics. HBS-EP buffer (degassed 10 mM HEPES buffer saline, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% v/v surfactant P-20; Biacore, Uppsala, Sweden) was used for preparation of all of the protein/DNA solutions.
Micro-contact printing (mCP) for surface patterning
Strip-like polydimethylsiloxane (PDMS) stamps were fabricated on photo-resist masters using Sylgard 184 silicon elastomer (Dow corning), with a periodicity of L = 100 mm and the width of the embossed strip being a = 42 mm. Before printing, the stamp was inked for 5 min in an ethanolic solution of a mixture of biotin thiol and spacer thiol (molar ratio 1:9) with a net concentration of 0.5 mM. Excess thiol solution was removed and the stamp dried in a stream of nitrogen. The stamp was then brought into contact with the freshly evaporated Au (50 nm, e » ±12 + i Q 1.3) substrate (LASFN9, n = 1.85 at 633 nm) for 1 min. After rinsing with copious amounts of ethanol, the Au substrate was exposed to an ethanolic solution of the pure spacer thiol (2 mM) for 10 min in order to passivate the non-derivatized areas. The patterning process was completed by rinsing the slide with ethanol and drying it with nitrogen.
Instrumental
The experimental set-up used was essentially based on a Kretschmann surface plasmon resonance spectroscopy (SPR or SPS) instrument and is schematically presented in Figure 1A . A linearly p-polarized HeNe laser (l = 633 nm, 5 mV) modulated by a frequency chopper was re¯ected off the Au-coated base of the coupling prism and the re¯ected/ diffracted intensity was measured through a 1 mm slit by a photo-diode detector connected to a lock-in ampli®er. The sample arm (including the 90°LASFN9 prism, Au slide and ow cell) and the detector arm were controlled by two coaxial goniometers, respectively, enabling an independent tuning of their angular positions (q and t, respectively).
Typical angular diffraction scans are shown schematically in Figure 1B , representing the diffraction patterns before and after binding of, for example, a DNA target. The proportional increase in the diffraction intensity (DI) for every diffraction order indicates an optical thickness increase occurring at the surface of the functional regions. The intensity of each diffraction order depends strongly on the laser incident angle q, which determines the surface plasmon coupling ef®ciency, as shown in the inset of Figure 1B . The maximum diffraction intensity of the monitored diffraction order (t 0 ) appears at the SPR minimum angle q 0 . Another reason for having the laser incident angle near q 0 is the fact that at this minimum angle the surface plasmon coupling ef®ciency remains mostly constant even at small shifts of the minimum angle as a consequence of analyte binding. Therefore, the angular detuning effect is minimized (16) . Thus, in kinetic diffraction mode, the laser incident angle was tuned to q 0 , the detector rotated to the diffraction order at t 0 and the DI was monitored as a function of time.
A peristaltic pump delivered the sample solutions at a¯ow rate of 3 ml/min, in order to alleviate the mass transport effect for a correct assessment of the binding kinetics (16) . The solutions were circulated in a sealed tubing loop after being manually exchanged, a procedure that is especially advantageous if equilibrium titration experiments are conducted (17) .
RESULTS AND DISCUSSION
The schematic drawing of the multilayer architecture employed, composed of SAM/streptavidin/probe/target, is shown in Figure 2A . The processes were recorded as sequential increases in the diffraction signal as shown in Figure 2B . One can see from the raw experimental data (gray curve) that the initial DI induced by the patterned biotin SAM surface was quite weak and almost close to zero. This indicates that the optical difference generated by a difference in the SAM composition was insigni®cant. However, exposing the patterned surface to a 1 mM SA solution led to a rapid increase in the diffraction signal followed by a second slower increase phase. The second phase is considered to be associated with a non-speci®c aggregation of SA molecules because a pure buffer rinse could gradually wash away the signal accumulated in that phase. After a long rinse, the baseline remained at~0.48 mV and was extremely stable. The SPR minimum shift upon SA binding to the patterned surface was measured to be Dq 0 =~0.2°. Taking into account the fraction (42%) of functional area relative to the whole surface area, this angle shift on the patterned area is consistent with previous results (Dq 0 =~0.45°, corresponding to a thickness of d =~3.8 nm assuming n = 1.45 for the proteins) (14) obtained on a surface homogeneously functionalized by a mixed biotin/ spacer thiol solution (1:9), con®rming the formation of an identical SA coverage (~2.2Q10 12 molecules/cm 2 ). The injection of a 1 mM DNA probe solution induced another quick jump in the baseline to a higher level of~0.68 mV. Only a minor signal decrease was observed upon exchange of the DNA probe solution for pure buffer, indicating a strong and highly speci®c binding of the probe oligonucleotides via a biotin±SA linkage.
For further quantitative analysis, the experimental curve was corrected (cf. black curve in Figure 2B ), considering the quadratic relationship between DI (I d ) and the amplitude of the index of refraction grating (nd), represented by the following equation (18): 
Here, nd is the amplitude of the biological grating represented by the optical thickness and I 0 and l are the intensity and wavelength of the light source, respectively. One should notice that the background intensity I b due to random surface scattering should be subtracted. I b could be obtained from a measurement on an unpatterned gold surface and was typically found to be~0.01 mV. Therefore, DÖ(I d ± I b ) gives the increment in the corrected diffraction signal that is considered to be the response linear to the optical thickness of each layer, which in return is a linear function of the mass concentration of the bound biomolecules (19) . Taking into consideration that proteins and oligonucleotides have similar refractive indices (n) and do not differ considerably with respect to their SPR response, DÖ(I d ± I b ) divided by the corresponding molecular weight (M w ) provides the relative molar surface concentration, and can be used to calculate the stoichiometry between interacting molecules.
The subsequent association/dissociation measurements of the various DNA targets (T15-0, T15-1, T15-2, T75-0 and T75-1) performed sequentially on the same sensor chip are presented as corrected signals in Figure 3 . The working concentration of each target solution was 1 mM to ensure suf®ciently high mass transport rates for a correct kinetic evaluation. After reaching equilibrium, the target solution was exchanged against pure buffer in order to dissociate the bound hybrids and to rinse the target strands away. A 1 min pulse injection of 10 mM NaOH/water solution completely regenerated the probe surface (cf. Fig. 3 ). The same sensor chip could be regenerated at least 30 times and could be used for up to 48 h without signi®cant loss of functionality (recovery >90%).
The results of an in-depth analysis of the hybridizations studies, as well as of binding of the SA and probe are listed in Table 2 . Firstly, the binding stoichiometry between probe DNA and streptavidin was~1:0.75. This means that on average 1.3 probe strands were immobilized on each bound SA molecule. Since the surface concentration for the SA monolayer was~2.2 Q 10 12 molecules/cm 2 , i.e. each SA molecule occupies an area of~45 nm 2 , the surface concentration of the probe is~2.9 Q 10 12 molecules/cm 2 , which is close to the so-called`high' probe density reported by Georgiadis and co-workers (3). The HE was also calculated for each target. High HEs (84 and 62%) were calculated for the T15-0 and T15-1 targets. However, substantially lower HEs (46 and 27%) were found for the T75-0 and T75-1 targets. We infer that the two extra poly(T)¯anks of the 75mers play a major role in decreasing the HE, owing to steric/electrostatic hindrance. Also, the longer extension of the hybridized 75mers away from the surface may slightly lower their contribution to the optical thickness change sensed by the surface plasmon evanescent ®eld, which decays exponentially into the solution with a depth of L z » 150 nm.
The association/dissociation rate constants (k on and k off ) of the target oligonucleotides were determined by ®tting the working curves to a 1:1 Langmuir model, assuming pseudo®rst order association/dissociation kinetics (cf. Fig. 3 ) (20) . Within the Langmuir model we then obtained the af®nity constant K A , which is simply the ratio of the two rate constants:
At ®rst glance, the one base mismatch induced an apparent difference in the binding curves between T15-0 and T15-1 and T75-0 and T75-1, especially in the dissociation phases. The K A values obtained differed by more than an order of magnitude between the 15mers (4.98 Q 10 8 and 2.18 Q 10 7 M ±1 for T15-0 and T15-1, respectively) and the 75mers (2.62 Q 10 8 and 1.46 Q 10 7 M ±1 for T75-0 and T75-1, respectively). A two mismatch sequence, T15-2, was also tested, however, it yielded a negligible binding signal. This demonstrates that the hybridization signals obtained were highly speci®c and the sensor was sensitive to a single base pair mismatch. The af®nity parameters of T15-0 and T75-0 and of T15-1 and T75-1, respectively, were close, since they contained the same recognition sequences. It is also worth noticing that the pseudo-®rst order ®tting did not completely match the association behaviors of the 75mer targets. This again re¯ects the in¯uence of their bulky poly(T)¯anks. Firstly, extra time/energy might be needed to change their conformation to form the surface double helix. Secondly, bound 75mers could in¯uence the surface recognition sites, in¯uencing the subsequent binding events. Therefore, the Langmuir 1:1 model did not quite apply for the binding of 75mers, since interfacial steric/electrostatic cross-talk existed. However, the ®ts still qualitatively re¯ect the decrease in hybridization af®nity on introducing a single base pair mismatch. The af®nity constants K A of the 15mers were also determined by recording equilibrium binding to the probe surface at different bulk target concentrations c 0 . The total span of the target concentration was from 1 nM to 3 mM. The 
with G being the normalized response (surface coverage) and c 0 the bulk concentration. The af®nity constants for T15-0 and T15-1 were 4.17 Q 10 8 and 1.92 Q 10 7 M ±1 , respectively, in good agreement with the af®nity constants obtained from the single association/dissociation study. This implies that the Langmuir model can be applied for parameterization of the hybridization processes of the 15mers. It has been demonstrated (3, 21, 22) that probe density plays a very important role in target surface hybridization behaviors, i.e. in the binding kinetics and HE. In order to conduct this study with our matrix, we controlled the probe density in our system by bringing a dilute probe concentration into contact with the SA functionalized surface and evaluated the corresponding HEs for 15mers according to the de®nition in Table 2 . Under constant¯ow conditions, binding of the probe (from a 10 nM solution) was completely controlled by the mass transport rate, due to the low bulk concentration of probe molecules. Thus, binding was greatly slowed down and linear in time before nearly saturating the surface sites, which facilitated easy control of the probe density. Based on the known interaction stoichiometry between SA and probe, the increasing signal could be immediately stopped at any desired probe density level by exchanging the probe solution for pure buffer. As can be seen in Figure 5A , we thus controlled the probe density at three levels of coverage, i.e. 40, 77 and 100%. In order to ensure 100% probe coverage for the third (®nal) level, a 1 mM probe solution was applied. These levels of coverage were calculated to be equivalent to a probe density of 1.2 Q 10 12 ,~2.2 Q 10 12 and~2.9 Q 10 12 molecules/cm 2 , respectively.
The hybridization experiments using 15mer oligonucleotide targets at a concentration of 2 mM were performed at each level of probe density. A high target concentration was used to ensure (almost) saturated occupation of the available hybridization sites (cf. Fig. 4) . The end-point hybridization signals upon association equilibria were corrected, considering the quadratic effect of the diffraction sensor (cf. equation 1). Based on their corresponding molecular weights, the HEs were quanti®ed and are plotted in Figure 5B . One can see that the HE of both targets increased with decreasing probe coverage. This agrees with previous reports using electrochemical (21) and SPR (22) approaches and can be explained by alleviation of the static and/or electrostatic barrier on dilute probe surfaces. For the 40% probe surface density, i.e. at a probe coverage of~1.2 Q 10 12 molecules/cm 2 , the HE value of T15-0 reached~96%, indicating that the surface was (nearly) totally functional, which can be attributed to the good orientation and moderate density built on the SAM/SA supra-architecture. This result is in agreement with previous observations, where HE reached~100% at a probe density of 1.5 Q 10 12 molecules/cm 2 for a MM0 25mer and 18mer targets (3) . An interesting observation is that the highest HE of the T15-1 target was only~85% even at the lowest probe density studied, although operating at a saturation concentration, which was also in agreement with the result in the same report (3) . This implies a reduced availability of sites for MM1 target hybridization by a higher hybridization barrier due to the internally mismatched base. On the other hand, the difference in HE (DHE, cf. Fig. 5B ) between the MM0 and MM1 targets could be only slightly alleviated by lowering the probe density, which may indicate a certain heterogeneity of the probe distribution. One could speculate that this arises from the partial multiple loading of one streptavidin molecule by probe strands, as already indicated by the average stoichiometry between probe and SA (~1.3) (cf. Table 2 ). As a preliminary assessment of the limit of detection (LOD) of this novel DNA sensor, we refer back to the concentration titration experiments (cf. Fig. 4) . The saturation response of the titration curves for the T15-0 and T15-1 targets corresponds to coverages of~2.4 Q 10 12 and~1.8 Q 10 12 molecules/ cm 2 , respectively. For T15-1, the 5 nM solution gave an equilibrium signal at 6% of its saturation coverage, which could be easily resolved above the baseline¯uctuation. Therefore, SPDS can detect at least 1.1 Q 10 11 molecules/ cm 2 of the 15mer oligonucleotide, equivalent to a mass concentration of~800 pg/cm 2 . This preliminary LOD level is already comparable with one of the best performing label-free SPR sensing techniques using near-infrared imaging by Corn's group, where the LOD was reported to be 10 nM for an 18mer oligonucleotide, corresponding to~10 11 molecules/ cm 2 (4). However, the sensitivity is still approximately a factor of 6 poorer than the SPFS assay incorporating a¯uorescently labeled DNA target, where the LOD of 2 Q 10 10 molecules/ cm 2 was estimated (14) . We expect that the LOD of SPDS can be greatly improved with the aid of mass ampli®cation strategies, by which Keating et al. ampli®ed the SPR response by 1000-fold using Au nanoparticals (10) .
CONCLUSIONS
SPDS has been successfully applied for direct and rapid detection of oligonucleotides based on an ef®cient SAM/SA/ probe architecture. It is also a tool well-quali®ed to discriminate single base pair mismatches in oligonucleotides by monitoring their kinetic behaviors in real time. The af®nity constants obtained for the 15mers using both kinetics measurements and equilibrium titration were generally in agreement with previously reported data using¯uorophore-labeled 15mer targets studied by SPFS (14) , although the in¯uence of the dye labeling on the kinetic behavior remains to be evaluated in detail. The strong dependence of the HE was also studied by controlling the probe density on the sensor surface. Substantial improvements in HE were achieved when lowering the probe density, although the absolute amount of hybridized target decreased. A 3-dimensional surface matrix may favor both the amount and ef®ciency of hybridization in practical applications.
High quality interaction assays can be offered by SPDS, attributed to its self-referencing property. For example, the binding curves in Figure 5A are free of any artifacts due to sample exchange, which exists in many optical biosensors and signi®cantly in¯uences the precise quanti®cation of small binding signals. The LOD was~800 pg/mm 2 from a rather preliminary assessment, which already compares favorably to many (commercially) available label-free methods (5) . Owing to the mature mCP technique and subsequent functionalization chemistry, the sensor surface can be highly reproducible and reusable. More importantly, the concept of diffraction detection offers a novel way to integrate reference channels in the microarray fabrication, which is expected to improve the stability and sensitivity of large-scale label-free screening applications. Further investigations are under way to understand the hybridization behavior of long chain DNA, e.g. PCR products.
